In many Mediterranean mountain regions, the seasonal snowpack is an essential yet poorly known water resource.
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). The topographic catchments are shown here to give an indication of the basin size and location because the 95 hydrogeological catchments are poorly known. Meteorological data at the Beirut weather station (20 m a.s.l.) operated by the national civil aviation service for the time period between 1984 and 2016 suggest that W1314 was a very dry year (fifth driest year on record between 1984 and 2016). W1415 and W1516 were less dry but had below average precipitation (Table 2) . Table 1 . main characteristics of the river basins in this study (defined using the surface topography). Annual flow based on unpublished data 100 from the Litani river authority gauging stations Table 2 . Precipitation anomalies in Beirut (1984 Beirut ( -2016 . Observed precipitation anomalies in Beirut (20 m a.s.l) are based on AWS meteorological data provided by the national civil aviation service.
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Year Observed precipitation anomalies in Beirut (1984 Beirut ( -2016 , [mm] Climatological ranking of the observed precipitation in Beirut Figure 1 . Study area. The three studied basins are marked in blue (from north to south: Abou Ali, Ibrahim, and El Kelb). Elevation contours are given in meters above the WGS-84 ellipsoid.
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We used SnowModel (Liston and Elder, 2006a) , to simulate the spatial distribution of snow depth, SWE, and snowmelt over the study area. SnowModel is a physically-based snow evolution model which combines four submodels: (1) MicroMet (Liston and Elder, 2006b ) spatially interpolates the meteorological forcing over the simulation domain from AWS observations and the digital elevation model (DEM) using the Barnes scheme;
(2) EnBal, simulates the snowpack energy balance (Liston, 1995; Liston et al., 1999) ; (3) SnowPack simulates the snow depth evolution and runoff (Liston and Elder, 2006b) ; and (4) SnowTran-115 3D simulates blowing snow sublimation and wind-driven redistribution processes (Liston et al., 2007) . Two additional submodels are available but were not not used in this study: SnowAssim (Liston and Hiemstra, 2008) which allows the assimilation of SWE data and HydroFlow (Liston and Mernild, 2012) , a runoff routing model. Pflug et al. (2019) implemented a gravity-driven scheme to compute the liquid water percolation through the snowpack instead of the default density threshold https://doi.org/10.5194/hess-2019-514 Preprint. Discussion started: 10 October 2019 c Author(s) 2019. CC BY 4.0 License. scheme in SnowPack submodel. In the next sections we used the default model and this new version referred to as Pflug et al. 120 (2019) .
Model setup
The model was run at half-hourly time step over a simulation domain that encompasses the three study basins (Figure 1 ). The model grid resolution was set to 100 m, which is deemed sufficient to represent the main effects of the terrain on the energy and mass balance (Baba et al., 2019) . The input DEM was generated by cubic resampling of the ASTER GDEM V2 in the 125 WGS-84 UTM 36N reference system. The land cover grid was obtained from the land cover and land-use map of Lebanon produced at a spatial resolution of 25 m (National Council for Scientific Research, 2015) . Land classes were aggregated into 9 classes after Liston and Elder (2006a) and resampled to 100 m spatial resolution using a majority filter: Bare soils and rocks (59%), shrubland (12%), sea (8%), crops (7%), grassland (4%), clear-cut conifer (4%), urban (3%), coniferous, deciduous and mixed forests (<3%), and water (<1%). The different land classes are needed to account for the snow holding capacities and 130 canopy radiation effects (Liston and Elder, 2006a) , however bare soil is the largely dominant class in the snow dominated region of the study area.
SnowModel was forced using the half-hourly meteorological data collected at the AWSs (LAQ, MZA, CED) for three snow seasons between 2013 and 2016 (01 November to 30 June). The data were taken from Fayad et al. (2017c) and only reformatted to match SnowModel input format. We used the following input meteorological variables: precipitation (LAQ, MZA), air 135 temperature (LAQ, MZA, CED), air relative humidity (LAQ, MZA, CED), wind speed and direction (LAQ, MZA, CED). No observations were available for LAQ AWS during snow season 2013-2014 (Fayad et al., 2017b) . We did not use the shortwave radiation measurements because of the large data gaps. The model was used with all default parameters with two exceptions.
First, the snow-rain threshold was set to 0°C instead of 2°C based on the analysis of the local meteorological record and other studies in similar climatic context (Harpold et al., 2017) . Second, we did not activate the default correction of the precipitation 140 rate with elevation. It means that we ran the model with the minimal hypothesis that the precipitation spatial distribution is only controlled by the distances with the AWS according to the Barnes interpolation scheme (Liston et al., 2006b ). This approximation is justified by the good horizontal ( Figure 1 ) and vertical distribution ( Figure 2 ) of the AWS in the simulation domain and the fact that we could not identify a robust elevation effect from the AWS precipitation records.
The liquid water percolation scheme by Pflug et al. (2019) introduces an additional parameter, a freezing curve parameter 145 after Jordan, (1991) , that we left to the default value of 50 kg m -3 following Pflug et al. (2019) . The gravity-drainage scheme implies to run the simulation with the multi-layer snowpack option that is not activated in the default run. 
Model evaluation
The validation dataset includes (1) half-hourly snow height (HS), snow albedo and incoming shortwave radiation collected at the AWS from W1314 to W1516, (2) bi-weekly manual snow density measurements collected near the AWS during the snow 155 seasons of W1415 and W1516, and (3) daily snow cover area (SCA) observations from MODIS from W1314 to W1516. All these data are fully described in Fayad et al. (2017b) and are available as open data in a public repository (Fayad et al., 2017c) .
Nearly continuous snow depth is available for water years W1415 and W1516 at LAQ and for water years W1314, W1415 and W1516 at MZA and CED. Half-hourly snow depth records were averaged to the daily timestep. We computed the daily albedo of the surface below AWS from half-hourly upward and downward-looking pyranometers measurements following 160 Stroeve et al. (2013) , i.e. by computing the ratio of the daily incoming and reflected shortwave radiation totals. Summer albedo values ranged between 0.2 and 0.4 depending on the site and the year, hence we removed albedo values lower than 0.5 to keep only snow albedo measurements. The calculated daily snow albedo values and the incoming shortwave radiation were averaged to monthly values. The MODIS dataset is a daily cloud-free time series of snow cover maps providing the snow presence and absence at 500 m resolution (binary SCA). The model outputs at 100 m resolution were converted to binary SCA using a 165 threshold of 10 mm w.e. of SWE.
https://doi.org/10.5194/hess-2019-514 Preprint. Discussion started: 10 October 2019 c Author(s) 2019. CC BY 4.0 License.
SWE estimation
We used the model outputs to estimate the evolution of SWE over the three basins. The daily distributed SWE was spatially integrated over the area of each basin located above 1200 m a.s.l.. From the temporal evolution of these basin-scale SWE time series we derived the following key indicators: date and value of the peak SWE (maximum SWE during a water year), snow 170 melt-out date (first day of the calendar year on which SWE gets below 1 mm w.e.). (2019) model seems to be more consistent at these stations. The model overestimates snow depth at MZA during W1516 but the snow depth measurements are very noisy during this period suggesting that the data may be affected by a sensor issue, especially given the SWE observations presented above. Otherwise, the same positive bias as noted above (Figure 3 ) can be 185 observed at LAQ for W1415. The comparison of the modelled and observed snow cover shows that both models perform well in reproducing the snow cover 190 evolution at the catchment scale, although the default model tend to overestimate the snow cover area during the ablation periods. This is particularly evident in spring 2016, but also during the atypical melt event in January 2014. Finally, we evaluate the model using the snow cover duration from MODIS over the entire study area (Figure 7) . The results
Results
Model evaluation
show that the spatial patterns of snow cover duration are generally well reproduced. There is a positive bias in the northernmost 215 region, which corresponds to the region with the highest elevation (2700 to 3000 m a.s.l.). However, the average bias over the entire domain remains low (2 days). 
Estimation of SWE
The evolution of the spatially-averaged modelled SWE over the study basins above 1200 m a.s.l. is shown in Figure 8 and the main indicators are provided in Table 4 . Figure 8 shows that there is a large variability in the SWE evolution during the study period hence the peak SWE is not clearly defined. However, it was consistently reached on the same date in each catchment for a given water year. During W1314 it occurred early in the snow season on 22 December 2013, then on 21 February 2015 230 and 27 January 2016. However, the maximum SWE was nearly reached on March 28 in the Abou Ali catchment, which comprises the highest elevation areas of the study area. The same Abou Ali catchment had the longest snow season, with a melt-out date ranging between 06 May and 08 June, while the melt-out occurred about a month earlier in El Kelb and Ibrahim catchments.
In terms of SWE values, 2015-2016 was the snow season with the largest peak SWE, followed by 2014-2015 and 2013-235 2014 in the three catchments (Table 4 ). This is also illustrated in Figure 9 , which presents the temporal evolution of the total mass of snow (expressed in cubic meters of water equivalent) for each catchment. The Abou Ali has the largest snow mass throughout the snow season due to its larger area and higher elevation. The temporal evolution of the three catchments was similar in W1415 and W1516, however this figure also reveals that the behaviour of Abou Ali was different during W1314, with a much larger snow mass in Abou Ali in spring than in El Kelb and Ibrahim catchments. The months with the largest 240 mean snow mass in El Kelb and Ibrahim catchments were December in W1314, and February in W1415 and W1516, while in Abou Ali it was February in W1314, March in W1415 and February in W1516. Figure 9 , we selected the 01 March as a common date to represent the spatial distribution of SWE across the study domain for the three study years ( Figure 10) 
Discussion 260
Previous studies showed that SnowModel can overestimate SWE of warm maritime snowpack due to its liquid water percolation parameterization (Sproles et al., 2013; Pflug et al., 2019) . We also find that the default SnowModel version overestimates SWE at MZA and CED stations. The available observations show that new percolation scheme by Pflug et al. (2019) allows a clear improvement in modelled SWE but also in the snow depth and snow cover area at the catchment scale.
The improvement with the Pflug et al. (2019) model is similar to what has been reported by the same authors in the Olympic 265
Mountains. The gravity drainage scheme allows a better representation of the liquid water percolation during the melt season, whereas the default density threshold method retains too much liquid water when applied to warm maritime snowpacks. Only at LAQ the Pflug et al. (2019) version does not improve the SWE simulation. However, the snowpack is shallower and the SWE error is already large during the accumulation period at this AWS hence it is difficult to consider this AWS as good reference for evaluating a liquid water percolation scheme. This error in SWE at LAQ is probably due to errors in the 270 precipitation input data. This issue is being investigated but so far, we do not have a clear answer. In addition, the model tends to overestimate snow depth whereas there is no clear positive or negative bias in SWE. This suggests that the modelled density might be too low. High densification rates are typical of Mediterranean mountains (Fayad et al., 2017a) and this process might be insufficiently represented in SnowModel. Despite these limitations, however, the overall model evaluation with in situ and remote sensing data suggest that SnowModel modified by Pflug et al. (2019) Mount Lebanon. It is not possible to make a direct comparison of the results of this study with previous snow studies since the periods of computation do not match, but we note that the orders of magnitude of the peak SWE are compatible (Sect. 1).
The agreement between the measured point scale and modelled SWE in the three basins indicated good agreement, with an r ranging between 0.56 and 0.93 and an RMSE ranging between 16 and 26 cm w.e. (Table 3 ). The range of the reported RMSE values in Table 3 are not uncommon in Mediterranean like climates (Guan et al., 2013; Musselman et al., 2017) . These results 280 indicate that SnowModel modified by Pflug et al. (2019) was able to explain a large part (56-93%) of the variability in the SWE with an accuracy between 16 and 26 cm w.e..
Given the fact that the three AWS are well distributed in the domain (Figure 1) , the reported RMSE values for SD, SWE, and SCA (Table 3 ) can be used as a possible estimate of the uncertainty of SWE in every grid cell. This uncertainty would be a conservative estimate since the random part of the error in the distributed SWE is reduced by the spatial averaging. In 285 addition, the MODIS data showed no evidence of a large systematic SWE error over the domain except in the highest elevation region of the Abou Ali catchment, where the model tends to overestimate the snow cover duration (Figure 7) .
The model results tend to suggest that the spatial variability of SWE is rather low over Mount Lebanon, but this is due to the large-scale morphology of Mount Lebanon, with a strong topographic gradient from the coast to 2000 m a.s.l. followed by a high elevation plateau. This plateau is situated above the zero degree isotherm in winter therefore the snowfall regime is 290 rather homogeneous over this area. However, Mount Lebanon is also characterized by a peculiar heterogeneous topography, visible at smaller scales (below 100 m), with many karstic surface features like sinkholes, that create highly variable snow depth patterns due to wind-driven snow redistribution processes (Figure 11 ; Chakra et al. 2019 ). This variability is not resolved with this current model setup with a grid size of 100 m. This can be explained by the fact that SnowModel does not account for subgrid variability and assumes spatial uniformity over the entire grid cell (Liston and Elder, 2006a) . Not accounting for 295 snow subgrid variability is considered a fundamental limitation in the application of snow models and have implications in solving for snow ablation (DeBeer and Pomeroy, 2017) . Furthermore, the presence of heterogeneous fractional snow cover ( Figure 11 ) have major implications on the surface energy fluxes (DeBeer and Pomeroy, 2009 ). If fact, the heterogeneity in snow cover fraction is known to have implications on the small-scale advection of sensible heat and other local variations in the surface energy balance terms (DeBeer and Pomeroy, 2017) . This interaction between the fractional snow cover and the 300 overlaying boundary layer is usually simplified and not captured by most models (DeBeer and Pomeroy, 2009; Mott et al., 2018) . Figures 5 and 8 show multiple transient melt periods during the entire snow season. These events can be clearly observed in the three basins during the months of January and February (Figure 8 ), which is considered as the accumulation season.
Precipitation events during the same months did restore most of the snowpack (Figure 8 ). These events, which are more 305 common in warmer climate, such as the Mediterranean climate of Mount Lebanon, make it more difficult to distinctly separate between the accumulation and ablation seasons (DeBeer and Pomeroy, 2017) . These transient snowmelt and accumulation events pose major challenges in terms of simulating snow accumulation, its redistribution, and ablation due to the complex nature of these processes, which remain not fully understood (Liston, 1995; Essery et al., 2006) . Model results indicate that the largest snow reserves are found in the Abou Ali catchment (Figure 9 ). This is due to its larger 310 area but also to a larger portion of the basin is located at higher elevation bands. As a result, the SWE evolution in the Abou Ali catchment differs from the El Kelb and Ibrahim catchment. The snow season is longer and the peak SWE occurs about a month later. Although the study period only spans three snow seasons, a large interannual variability can already be observed.
Both model simulations showed higher biases in computing SWE at lower elevation, where the default SnowModel tended to overestimate and the Pflug et al. (2019) model tended to underestimate the SWE in LAQ (Figure 3 ). This can be attributed 315 to the separation of rain from snow at lower elevations, and the fact that these regions are more sensitive to rain on snow events. Finally, the Pflug et al. (2019) snowpack liquid water percolation algorithm may be overestimating melt at lower elevations. To which extent these processes are influencing the model performance is still unknown for us. 
Conclusions
The snow cover is a critical yet poorly known water resource in many Mediterranean regions (Fayad et al., 2017a) . A good 325 knowledge of the snow water equivalent (SWE) and snowmelt in Mount Lebanon is key for the evaluation and management of the water resources in Lebanon. This study presents the first simulation of the daily SWE in Mount Lebanon over three contrasted snow seasons (2013) (2014) (2015) (2016) in three catchments which are critical in terms of water resources for Lebanon. This was made possible by the availability of new meteorological AWS observations at high elevation (1840-2834 m a.s.l.). The model was evaluated using a number of in situ and remote sensing observations. Recent developments with SnowModel including a 330 gravity drainage formulation instead of the default snow density threshold to control liquid fluxes (Pflug et al., 2019) were beneficial in this study area where the snowpack is subject to multiple snowmelt episodes during the snow season. The results indicated that this improved model was generally able to reproduce the observed snowpack properties with a reasonable performance despite the uncertainties in the model forcing. Although the default version of SnowModel can theoretically be applied in any climatic region since it relies mostly on physical equations to solve the energy and mass balance of the 335 snowpack, it also includes parameterizations to replace processes that are too complex to be physically represented in the model. These parameterizations were primarily derived from studies in Arctic or subarctic regions (e.g. Bruland et al., 2004; Mernild et al., 2008) and should be carefully examined if the model is applied to Mediterranean mountain regions with mild, humid winters.
Over the simulation period 2013-2016, the maximum snow mass was reached between December and March and its 340 magnitude changed significantly from year to year in the three study catchments. The results are subject to large uncertainties given that the model was only partially evaluated despite all the efforts made to collect in situ measurements. In particular there is a mismatch between the spatial scale of field data and the current model extent and resolution which prevents a robust estimation of the model error. To further evaluate the model ability to resolve small-scale variability, higher resolution remote sensing products like Sentinel-2 SCA (Lebanon has been recently included in Theia Snow collection, Gascoin et al., 2019) or 345 stereo-satellite snow depth (Marti et al., 2016) should be useful. Another important limitation of this work is the short record of the forcing data from the AWS that does not allow drawing robust conclusions on the interannual variability of the SWE in Mount Lebanon and even less on the extremes. In particular, exceptional snowfall occurred in Lebanon during winter 2018-2019 and the snow cover was still significant in July near MZA and CED stations. Future work may focus on the application of downscaled climate reanalysis data to extend the study period (Mernild et al., 2017; Baba et al., 2018) . Longer simulations 350 would also enable to use the simulated snowmelt as input to a hydrogeological model of the karst to improve our knowledge on the snowpack dynamics influence on the spring discharges and regional water resources.
We found in Mount Lebanon snow some typical features of Mediterranean snow, i.e. the high temporal variability and the high densification rates (Fayad et al., 2017a) . Results from this study indicate that SnowModel modified by Pflug et al. (2019) can provide realistic estimates of SWE, which are essential for understanding the hydrological contribution of the snowpack 355 from Mount Lebanon. Refining the model grid to better account for wind redistribution of snow could improve the model https://doi.org/10.5194/hess-2019-514 Preprint. Discussion started: 10 October 2019 c Author(s) 2019. CC BY 4.0 License. performance in capturing SWE. Additional processes are known to affect the snowpack dynamics in Mount Lebanon like rainon-snow events and mineral dust deposition from the African Sahara and the Arabian Desert. Dust radiative forcing is not included in SnowModel, but recent studies in regions with similar climate suggest that it can have a significant impact on snowmelt runoff (e.g. Painter et al., 2018) . Finally, a specific feature of Mount Lebanon is that most of the snow accumulates 360 on a high elevation plateau. This morphology implies that the seasonal snow cover could be highly impacted by a rise in the mean zero-degree isotherm altitude in winter, which determines the partition of precipitation into rain or snow. Given the importance of snowmelt for groundwater recharge and water supply in Lebanon it is urgent to evaluate the vulnerability of the snowfall regime to climate change in Mount Lebanon.
Code and data availability 365
The SnowModel code is archived at https://github.com/jupflug/SnowModel. Model forcing and validation data are available at https://doi.org/10.5281/zenodo.583733.
